To determine the role of 01 integrin in chick tarsometatarsal skin development, we examined the localization of the 01 integrin immunohistochemically in vivo and in vitro by light and electron microscopy. integrin was present over the entire cell surface of undiffetentiated epidermis at early stages (Days 5, 9, 13). Marked changes in the localization of 01 integrin occuned during epidermal keratinization and stratifhion, i.e., expression of 01 integrin deaeased in the superficial and intermediate cell layers from Day 13 to Day 17. Aftet 17 days in vivo, whm keratinization ofthe epidermis was completed, the distribution of 01 integrin was confined to the basal layer of the epidermis in a pericellular distribution. During all stages examined, fibroblasts in the dermis were also stained. Immunoelectton miaoscopicstudy revealed that P i integrin was located on the plasma membrane of keratinoqtes and d e d fibroblasts. The change in $1 inte-
Introduction
Skin development is regulated primarily by the interaction between epidermis and dermis (Akimoto et al., 1995; Hirai et al., 1992; Obinata et al., 1987; Dhouailly et al., 1978) . The basement membrane, an extracellular matrix between the epithelium and mesenchyme, has important roles in epidermal differentiation during skin development (Akimoto et al., 1991 (Akimoto et al., ,1992a . This membrane consists of Type IV collagen, laminin, entactin, heparan sulfate proteoglycan, and fibronectin (Martin and Piet, 1993; Timpl, 1989) . Integrin is one of the cell surface receptor molecules that recognize these basement membrane components (Languino et al., 1989; Wayner and Carter, 1987; Hynes, 1987) . It regulates cell adhesion, shape, motility, intracellular signaling, and gene expression (Hynes, 1992; Springer, 1990; Werb et al., 1989) .
Integrins are heterodimers consisting of one P-subunit and one a-subunit (Kramer et al., 1993; Ruoslahti, 1991) . Both bind ' Supported in part by grants-in-aid from the Ministry of Education.
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Univ. School of Medicine, Mitaka. Tokyo 181, Japan. grin localization that occurred in vivo could be reproduced in cultures of developing skin in which keratinization (differentiation) or mucous metaplasia (tmdfkrentiation) had been induced in vitro by hydrocottisone or retinol treatment, respectively. A monoclonal antibody against Pi integrin caused striking changes in the epidermal keratinization prom s and in the basement membrane structure in vitro, i.e., inhibition of keratinization and detachment of the basement membrane from the basal surface of the epidermis. These results indicate that integrin plays an important role in cell-mll and cell-extracellular matrix interactions, which are important for epidermal development of the tarsometatarsal skin. (J Histochem Cytochem 44:411422, 1996) to extracellular matrix proteins, such as fibronectin, laminin, Type I and IV collagen, and entactin, thereby mediating cell-extracellular matrix interactions. The chick 0 1 integrin subunit is an 803amino acid transmembrane glycoprotein consisting of a large extracellular domain and a short cytoplasmic domain ( h k u n et al., 1986) . Expression of the 0 1 integrin in vivo and in cultured cells is confined to the basal layer of the epidermis of human skin (Cerri et al., 1994; Hertle et al., 1991; De Luca et al., 1990; Kaufmann et al., 1989) . The 01 integrin on epithelial cells is believed to function in cell-cell interaction and in cell-substrate adhesion (Symigton et al., 1993; Marchisio et al., 1991; Larjava et al., 1990) .
Retinol induces morphological changes in the basement membrane, such as disruption and its detachment from the epidermal basal cell surface (Obinata et al., 1991a; Hirano et al., 1985) . Retinol also affects epidermal differentiation (Obinata et al., 1991a; Fell, 1957) . When undifferentiated tarsometatarsal skin explants taken from 13-day-old chick embryos are cultured in a medium containing retinol, transdifferentiation of the epidermis is induced. Retinol converts the epidermis into a mucous secretory epithelium (mucous metaplasia), which secretes mucin onto the surface of the tissue. This retinol-induced epidermal mucous metaplasia is stimulated by the addition of BtzcAMP (Obinata et al., 1991b) . The synthesis of sulfated glycoproteins and the number of mucussecreting granules are increased by Bt2cAMP in the epidermis of retinol-pretreated skin (Obinata, 1991b) . The normal formation of desmosomes and hemidesmosomes is perturbed by retinol or retinoic acid treatment (Obinata et al., 1991a; Hirano et al., 1985; Christophers and Wolff, 1975) , and these structures are decreased in number in the mucous metaplastic epidermis (Obinata et al., 1991a; Hirano et al., 1985) . Therefore, we speculate that the decrease in both the cell-basement membrane adhesion and cell-cell adhesion, in which p i integrin is involved, might be induced by retinol treatment.
We have examined morphologically and immunohistochemically the process of reconstruction of basement membrane by an epidermal-dermal recombination experiment using cultured chick embryonic tarsometatarsal skin (Akimoto et al., 1991 (Akimoto et al., ,1992a . It was revealed that the adhesion between the basement membrane and basal cell has an important role in the process of reconstruction of basement membrane (Akimoto et al. 1991 (Akimoto et al. ,1992a . In the present study, to elucidate the role of integrin in chick epidermal development and basement membrane formation, we examined in situ the distribution of the j31 molecule in chick embryonic skin in vivo and in vitro. The precise localization of 0 1 integrin was determined by immunoelectron microscopy. Furthermore, we studied whether anti-chick integrin antibody could perturb the epidermal keratinization and basement membrane formation. The possible role of pi integrin during chick epidermal development is discussed.
Materials and Methods
Skin. Fertilized eggs of White Leghorn chickens were incubated at 37°C until the desired stage was reached (Hamburger and Hamilton, 1951) . The leg skin (the tarsometatarsal region) of 5-to 20-day-old chick embryos was used.
For in vitro experiments, skm explants from the tarsometatarsal region of 13-day-old chick embryos were cultured in a chemically defined medium, BGJb (Biggers et al., 1961) , containing 5 % delipidized fetal calf serum with or without hydrocortisone hemisuccinate (20 nM; Japan Upjohn, Tokyo, Japan) or retinol (20 pM; Sigma. Munich, Germany) for 1 day and then with BtzcAMP (20 mM; Sigma, St Louis, MO) for 5 days, by the Millipore filter-roller-tube method (Sugimoto et al., 1974) . The medium was renewed every other day.
In some cases, skin explants from the tarsometatarsal region of 13-dayold chick embryos were cultured for 4 days in BGJb containing 5 % delipidized fetal calf serum, hydrocortisone hemkuccinate, anti-chick PI integrin monoclonal antibody (10-100 pglml, clone WlB10; Sigma), which recognizes an epitope on the extracellular side of the chick P1 integrin subunit and inhibits adhesion of embryo and tendon fibroblasts, skeletal myoblasts, and mouse 3T3 cells to both laminin and fibronectin (Hayashi et al., l990) , or preimmune mouse IgG (10-100 pglml).
The skin explants were processed for light and electron microscopic observation as described previously (Ekata et al., 1981) .
Immunostaining for Light Microscopic Observation. Specimens were fixed in 4% formaldehyde in 0.1 M phosphate buffer (pH 7.3) for 1 hr at 4°C and immersed in 2.3 M sucrose-PBS, and then frozen with liquid nitrogen. Semithin frozen sections 1 pm thick were cut, washed with PBS. and treated for 10 min with 1% bovine serum albumin (BSA) in PBS. The sections were then incubated with the monoclonal anti-chick PI integrin monoclonal antibody or with normal mouse IgG for 1 hr at room temperature. washed with PBS, and subsequently incubated for 1 hr with Cy3-conjugated donkey anti-mouse IgG antibody (Jackson Immunoresearch; West Grove, PA). Some sections were further stained for F-actin with fluorescein-labeled phalloidin. Nuclei were stained with 4',6-diamidine-2-phenylindole hydrochloride (DAPI; Boehringer. Mannheim, Germany) (Williamson and Fennell, 1974) . After a wash with PBS, the specimens were mounted in 90% glycerol-0.1 M Tris-HCI buffer (pH 8.5) containing 0.5 mM p-phenylene diamine, which prevents fading of fluorescence during microscopic examination, and were observed under a Nikon microscope equipped with an epifluorescence system.
Inmunostaining for Electron Microscopy. For colloidal gold labeling, fixation with formaldehyde and infusion of sucrose were carried out in the same way as for light microscopy. Then ultrathin frozen sections were cut at approximately -90 to -100°C and collected on electron microscopic grids precoated with formvar and carbon. The sections were washed with PBS and pretreated with 1% BSA in PBS for 10 min. After a PBS rinse, they were incubated with the antLP1 integrin antibody for 1 hr with control normal mouse IgG, washed with PBS, and incubated with colloidal gold (10-nm diameter)-conjugated donkey anti-mouse IgG (Janssen; Beerse, Belgium) for 1 hr. After another wash with PBS, the sections were fixed in 2% glutaraldehyde-0.1 M phosphate buffer, pH 7.4, and embedded in a mixture of methylcellulose, polyethylene glycol, and uranyl acetate by the absorption staining method (Tokuyasu, 1980) . The specimens were observed with a JEM-1200EX electron microscope.
Light Microscopic Localization of 01 Integrin

In Vivo
The distribution of pi integrin was examined first by immunofluorescence microscopy. In leg skin specimens obtained at Day 5 (Figure la) or from tarsometatarsus at Day 9 (Figure lb), when the epidermis consisted of a two-to three-cell layer, staining was observed over the cell surface of the epidermis. As the embryo developed, the epidermis became stratified, and the integrin staining was uniformly distributed over the entire surface of the undifferentiated epidermal cells at Day 13 ( Figure IC) . As the keratinization of the epidermis proceeded, the staining intensity decreased in the intermediate and superficial layers of the epidermis. After Day 17, in chick embryonic keratinized skin the p1 integrin staining was observed over the entire cell surface of basal cells but could not be seen in the intermediate and superficial cell layers ( Figure Id) . During all stages examined, the fibroblasts in the dermis were also stained.
Electron Microscopic Localization of 01 Integrin
The detailed localization of pi integrin was visualized at the electron microscopic level. The locations of the pi integrin revealed by electron microscopy were consistent with those observed by light microscopy.
In the 9-day-old chick embryo, the epidermis was not yet keratinized. In this skin, colloidal gold particles representing pi integrin were uniformly distributed over the plasma membrane of the epidermal cells (Figure 2a ).
In the 17-day-old chick embryonic skin, the superficial cell layer of the epidermis was keratinized. The basement membrane was well developed and hemidesmosomes and anchoring fibrils were present. Collagen fibers were also well formed and were arranged in bundles. The colloidal gold labeling was distributed over the entire plasma membrane of the epidermal basal cells (Figure 2b) . The plasma membrane of dermal fibroblasts was also labeled (Figure 2c) . Few colloidal gold particles were detected in the cytochemical control experiment (Figure 2d ). chick embryonic skin explants with hydrocortisone or retinol. For precise location of the label, triple fluorescence staining for 01 integrin, Factin, and DNA was employed. Intense staining of 01 integrin was observed pericellularly in the basal cells of the epidermis and the dermal fibroblasts of the keratinized skin explants cultured in the presence of hydrocortisone (Figures 3a and 3b) .
Light
In the skin explants cultured with retinol, in which keratinization was prevented and mucous metaplasia (transdifferentiation) of the epidermis was induced, almost the same results as those obtained with the keratinized skin explants were observed ( Figures  3c and 3d ). The localization of actin filaments was not perturbed by the retinol treatment (Figure 3d ). Therefore, the staining pattems of 01 integrin in vitro were identical to those seen in the skin keratinized in vivo. When the primary antibody was omitted or was replaced with mouse IgG, no positive staining was observed (data not shown).
Culture of Skin Explants with Anti-Pi
Integrin Antibody
To examine the function of the 01 integrin molecule, we performed a perturbation experiment with a monoclonal antibody against 01 integrin on skin in culture. The keratinization of the chick embryonic skin was inhibited by the antibody in a dose-dependent manner (data not shown). When the skin explants were cultured in BGJb medium containing hydrocortisone (20 nM) with 01 integrin antibody (100 pglml), keratinization was prevented ( Figures  4b, 5b, 5d, and 5f ). The preimmune mouse IgG did not perturb the hydrocortisone-induced epidermal keratinization (Figures 4a.  5a . 5c, and >e). In the skin explants cultured with the antibody, the superficial layer of epidermis thickened (Figures 4b and 5b ). Furthermore, although thickening of the cell membrane (cornified envelope) and degeneration of intracellular organelles, which are induced by hydrocortisone during a-type keratinization of the epidermis (Takata et al., 1981) , were observed, the superficial layer of the epidermis did not form the electron-dense amorphous masses seen in the cytoplasm of the glucocorticoid-induced keratinized layer (Figure 5d ). Tonofilament bundles, desmosomes, and hemidesmosomes were decreased in number.
In the skin specimens cultured in the presence of hydrocortisone and preimmune mouse IgG, the basement membrane was intact and maintained its original configuration, i.e., it appeared as a continuous structure running along the basal surface of the epidermis (Figure >e) . However, striking changes occurred in the skin specimens cultured in the presence of anti-01 integrin antibody. The basement membrane occasionally became folded and detached from the basal surface of the epidermis and protruded into the underlying dermis, where another sheet of basement membrane fragment sometimes formed along the basal surface of the epidermis (Figure 5f ). In the lamina densa of the basement membrane, many small granular structures were occasionally observed (Figure 5f ).
When 13-day-old chick embryonic skin was cultured in the BGJb medium containing preimmune mouse IgG or anti-61 integrin antibody but lacking hydrocortisone, the epidermis remained undifferentiated, as was the case with BGJb alone (Figures 4c and 4d) .
Detachment of the basement membrane from the extracellular matrix and small granular structures in the lamina densa was also induced by anti& integrin antibody in the absence of hydrocortisone (data not shown).
Discussion
In the present study, developmental changes in the localization of 01 integrin in chick embryonic skin were examined immunohistochemically. Integrin is distributed in epithelial cells of various organs such as skin, kidney, and submandibular gland (Simon-Assmann et al., 1994; Kadoya and Yamashina, 1993; Korhonen et al., 1990) . This molecule, together with other cell adhesion type molecules such as cadherin (Tikeichi, 1991) , is believed to be involved in the differentiation of these organs (Hotchin et al., 1995; Simon-Assmann et al., 1994; Kadoya and Yamashina, 1993; Adams and Watt, 1990; Korhonen et al., 1990) . 01 integrins are members of the family of cell surface receptors with specificity for molecules in the extracellular matrix (ECM) (Ruoslahti, 1991; Hayashi et al., 1990; Hynes, 1987) . It localizes pericellularly in epithelial tissues, including the epidermis of the skin (Hertle et al., 1991; Carter et al., 1990; Choy et al., 1990; Korhonen et al., 1990; Larjava et al., 1990; Tamura et al., 1990; Peltonen et al., 1989) . As to the localization of 01 integrin in chick skin, the present results are consistent with those previously reported for human skin (Hertle et al., 1991) .
In the apical ectodermal ridge of the wing bud of chick embryos, 61 integrin is present along the entire cell surface, and in the nonapical ridge region it is found only at the basal cell surface (Critchlow and Hinchliffe, 1994) . In the wing, the integrin molecule is thought to be involved in epithelial-mesenchymal communication and in maintenance of the epithelial structure at the apical ectodermal ridge. As shown in the present study, in leg skin (tarsometatarsus), 01 integrin is present along the entire cell surface of all layers as well as the basal cell surface in the epidermis at the early stage. These results are consistent with those in the apical ridge of the wing bud of chick embryos reported by Critchlow and Hinchliffe (1994) . The present study demonstrated that the localization of 01 integrin changed during epidermal differentiation. After 17 days, when keratinization of the epidermis had been completed, the distribution of 01 integrin was confined to the basal cell layer of the epidermis. On the other hand, as we showed previously (Akimoto et al., 1992b,l993; Oda et al., 1989; Hirano et al., 1988) , galectins (14-, 1 6 -~D 0-galactoside binding lectins) appeared on the cell surface in the intermediate and superficial layers, but not in the basal layer, after Day 17. These galectins are involved in epidermal keratinization. The transition of the expression of galectins and integrin suggests that the cell-to-cell adhesion mechanism changes in association with epidermal keratinization of chick tarsometatarsal skin.
In the epidermis of retinol-pretreated skin, mucus-secreting granules appeared. As reported previously (Obinata et al., 1991a,b; Hirano et al., 1985) , the desmosomes, hemidesmosomes, and tonofilament bundles were poorly developed in the basal cells, and the basal lamina was either absent or, if present, had become discontinuous. Additional changes might be expected to occur in the cytoskeletal system in the retinol-treated skin, as actin filaments portant role in the adhesion between basal cell and basement membrane ( Jones et al., 1991; Sonnenberg et al., 1991; Stepp et al., 1990) . Incubation with antibody against the a& molecule induces the detachment of cultured keratinocytes from their substrate, whereas incubation with antibodies against the a261 or a361 molecule does not (De Luca et al., 1990) . The a& integrin, which is located in the hemidesmosome, might be decreased in the retinol-treated chick epidermis. The expression of a664 integrin in cultured chick skin remains to be determined.
Earlier, anti& integrin antibodies were shown to perturb cell adhesion to matrix molecules (De Luca et al., 1990; Neff et al., 1982) , to alter cell morphology (Grew and Gottlieb, 1982) . neurite outgrowth (Bozyczko and Horwitz, 1986; Tomaselli et al., 1986) , and cell migration (Bronner-Fraser, 1986) . and to inhibit cell differentiation (Adams and Watt, 1989; Menko and Boettiger, 1987) . In the present study, anti-61 integrin antibody perturbed the keratinization of the epidermis. By electron microscopy, it was shown that the anti-61 integrin antibody induced the detachment of basement membrane from the basal surface of the epidermis, as the anti-as64 integrin antibody does (DeLuca et al., 1990) . Furthermore, intriguing alterations in the morphological structure were observed in the lamina densa of basement membrane. The antibody prevented the cell surface 61 integrin to bind to basement membrane components such as laminin and fibronectin (Hayashi et al., 1990) . These components possibly failed to form the normal structure of the basement membrane. These results indicate that the 61 integrin regulates the formation of basement membrane. A decrease in the amount of electron-dense amorphous material in the superficial layer was also observed. Integrins associate with the cytoskeleton via their cytoplasmic domain and therefore function as transmembrane links between the cytoskeleton and the ECM (Otey et al., 1990; Argraves et al. 1989; Horwitz et al., 1986) . Larjava et al. (1990) reported that treatment of cultures of keratinocytes with anti& integrin antibody results in a disruption of F-actin organization. However, in the present study on the culture of skin explants with anti-61 integrin antibody, no sign of disruption of Factin organization was observed (data not shown), although a decrease in the number of tonofilament bundles was noted. These results indicate that 61 integrin plays an important role in the process of keratinization in chick embryonic epidermal development.
Integrins a&, ~1361, a#1, and a& are expressed in chick tissues. The a161 molecule, a receptor for Type IV collagen, is abundantly expressed in chick gizzard (Syfrig et al., 1991) . The a361 integrin, a receptor for laminin, fibronectin, Types I and IV collagen, epiligrin, and entactin (Sriramarao, 1993; Dedhar et al., 1991 Dedhar et al., , 1992 Carter et al., 1991; Takada et al., 1988) , is expressed pericel-Marly in the basal cell of the epidermis (Carter et al., 1990; Larjava et al., 1990) . The a& integrin, a fibronectin receptor, is the most prominent 61 integrin in the chick embryo and is expressed in the majority of cell types through the Day 17 stage (Faull et al., 1993; Muschler and Horwitz, 1991) . The a661 integrin mediates cell adhesion to the laminin E8 fragment (Sonnenberg et al., 1990) . and its expression in chick embryos is regulated developmentally (Bronnet-Fraser et al., 1992) . In the next step of our study, localization of these a integrin subunits that complex with 61 integrin is to be determined, to thoroughly clarify the function of the integrin molecule.
